A neutrino factory has unparalleled physics reach for the discovery and measurement of CP violation in the neutrino sector. A far detector for a neutrino factory must have good charge identification with excellent background rejection and a large mass. An elegant solution is to construct a magnetized iron neutrino detector (MIND) along the lines of MINOS, where iron plates provide a toroidal magnetic field and scintillator planes provide 3D space points. In this report, the current status of a simulation of a toroidal MIND for a neutrino factory is discussed in light of the recent measurements of large θ 13 . The response and performance using the 10 GeV neutrino factory configuration are presented. It is shown that this setup has equivalent δ CP reach to a MIND with a dipole field and is sensitive to the discovery of CP violation over 85% of the values of δ CP .
I. INTRODUCTION
The neutrino factory is a new type of accelerator facility in which a neutrino beam is created from the decay of muons in flight in a storage ring. This facility can be used to study neutrino oscillations in a variety of oscillation channels [1] and can be used to determine the neutrino mass hierarchy, whether the mass squared difference between neutrino mass eigenstates ∆m 2 13 is positive or negative (inverted or normal mass hierarchy), and CP violation in the neutrino sector. The ν e → ν µ oscillation [2] , identified through the so-called "golden channel" in which the charged current interactions of the ν µ produce muons of the opposite charge to those stored in the storage ring (wrong-sign muons) [3] , is the most promising channel to explore CP violation at a neutrino factory. The physics capabilities and the design of the neutrino factory is carried out as part of the International Design Study for a Neutrino Factory (IDS-NF) [4] , partially funded through the EUROnu project [5] .
In this paper we will describe the requirements and design of a neutrino factory far detector and the analysis carried out to extract the wrong-sign muon neutrino oscillation signal. The far detector at a neutrino factory [6] requires excellent reconstruction and charge detection efficiency. These capabilities are best encompassed using a large magnetized iron neutrino detector (MIND). For the discussion below, a MIND design with a toroidal magnetic field, based on experience from the MINOS far detector [7] is described with detailed simulations.
With the measurement of large θ 13 [8] [9] [10] [11] [12] the physics goals of the neutrino factory are focused on the measurement of CP violation and the mass hierarchy in neutrino oscillations.
This requires re-optimization of the neutrino factory baseline and re-evaluating the detector for this physics goal. The new experimental setup consists of a single 2000 km baseline from a muon storage ring wherein both µ + and µ − decay at energies of 10 GeV to a single 100 kTon detector with a toroidal magnetic field. The analysis described here improves and simplifies a previous analysis based on a 100 kton detector with a dipole magnetic field [13] .
The neutrino beam from a neutrino factory contains both ν µ (ν µ ) andν e (ν e ) resulting from the decay of µ − (µ + ) in a storage ring. As such, there are a number of possible oscillation channels, summarized in Table I . The MIND is optimized to exploit the golden channel oscillation as this has an easily identified signal; a muon with a sign opposite to that in the muon storage ring. With the exception of the silver channel oscillation, which re-enforces the golden channel signal, other oscillation channels are treated as background. The event selection required to produce the best signal and background rates for the measurement of CP violation is the focus of ongoing optimization.
This paper describes the detector design (Section II) before discussing the simulation (Section III) and event reconstruction (Section IV). Event selection is given in Section V and the resulting efficiency and background rates are presented in Section VI. Finally, the sensitivity and precision of the detector to CP violation is presented in Section VII. 
II. DETECTOR DESIGN
The MIND is an iron-scintillator calorimeter with an octagonal cross section 14 m high and 14 m in width ( Fig. 1 ). Modules of 3 cm thick iron plates and a 2 cm thick lattice of scintillating bars compose the 100 kTon bulk of the detector. The iron planes provide the structural strength for the calorimeter as well as the magnetic field necessary for charge discrimination. Due to practical constraints, the iron planes are to be constructed of strips of steel 1.5 cm thick and 2 m wide. By arranging these strips in a lattice configuration, the resulting structure possesses the necessary rigidity and tensile strength to support its own weight by two "ears" projecting from the sides of the plate, with distortions in the plate dimensions of less than 2 mm.
To induce the 1 Tesla magnetic field in the iron plate, a current of 100 kA through the centre of the detector is required. This current is to be carried by a super-conducting transmission line (STL), which consists of copper and copper/NbTi alloy braids contained by a cryogenic jacket, 7 cm in diameter [14, 15] . The STL runs through a 10 cm bore along the central axis of the detector. A detailed diagram of the STL is shown in Fig. 2 . A map of the magnetic field in the iron has been generated using a finite element model of the detector plate. The simulated field map is shown in Fig. 3 . particle. Assuming a coordinate system for the detector such that the neutrino beam defines the z-axis, perpendicular to the detector face, the scintillator bars are arranged in a layer to measure the position of an event hit along the x-axis and a layer to measure a hit position along the y-axis. Each scintillator bar is rectangular with a 1 cm×3.5 cm cross-section and spans the width of the detector. A wavelength shifting fibre 1 mm thick runs down the centre of the scintillating bar and is coupled at each end of the bar to a silicon photomultiplier.
III. SIMULATION
Neutrino interactions in the MIND simulation are generated using the GENIE framework [16] . This framework reproduces deep inelastic scattering (DIS), quasi-elastic scattering (QES), single pion production, resonant pion production, coherent pion production, and neutrino-electron elastic scattering processes. Previous simulation studies for MIND [17] have been produced using LEPTO [18] and NUANCE [19] . These packages are incomplete descriptions of the neutrino interactions as they do not include such phenomena as reinteraction within participant nuclei; an important feature in high Z targets such as iron.
The detector geometry was constructed using the GEANT4 framework [20] . The geometry was defined with some flexibility in the detector dimensions, including the transverse and longitudinal lengths as well as the thickness of the iron and scintillator planes to allow for optimization studies. The magnetic field, although basically toroidal, is applied using a field map. Products of the neutrino interaction events generated by GENIE are propagated through the detector materials using the QGSP BERT physics list provided by GEANT4.
IV. RECONSTRUCTION
Following simulation, the events are digitized in a very simple way. The position and energy deposition for a hit in a given scintillator plane are clustered in a 3.5 cm×3.5 cm unit, called a voxel, which is defined by the expected positions of the scintillator bars in the transverse plane. The energy deposition is attenuated over the distance of the hit from the edge of the detector assuming an attenuation length of 5 m. The digitized hits are passed to a reconstruction module.
The purpose of the reconstruction is to identify and fit potential muon tracks resulting from charge current neutrino interactions. The reconstruction uses algorithms provided by the RecPack toolkit [21] . The majority of tracks are identified from the event using a Kalman filtering algorithm. First a prospective track is identified by looking for the longest set of planes with a single digitized hit. A guess for an initial angle and momentum is generated from this information and used for an initial fit. Additional hits are then filtered into the track by looking for hits that produce the smallest local χ 2 value in planes with multiple hit occupancies. The subset of events that do not have a set of single occupancy planes are subjected to a cellular automaton algorithm [22] for the identification of tracks within events where the muon track is not separated from the hadron activity. In either case the longest track is selected as the muon trajectory passed to the fitting algorithm.
The identified muon tracks are subject to a Kalman fitting process to determine their momentum and charge. The Kalman fitter uses a model to predict the position from one hit to the next in a sequence correcting for random noise, such as from multiple scattering, and allowing for processes such as energy loss -which is now included as a function of momentum. An initial seed for the fit is determined from the geometry of the muon track using the range of the muon track to supply the momentum [23] and the relative positions of the beginning and end of the track in the bending plane to determine the charge. This seed is passed to the fitting algorithm where the track parameters are further refined. A successfully reconstructed track survives the Kalman fitting process six times; twice during the track identification stage where the track is fitted and filtered and four more times during the fitting stage assuming different fitting seeds. These algorithms are based on previous work [13, 17] , but adapted to the new toroidal magnetic field configuration. The momentum resolution resulting from this fit is shown in Fig. 4 . The behaviour of the resolution on the inverse of the momentum (1/p) is parametrized as follows;
Reconstructed Momentum (GeV/c) The neutrino energy is currently reconstructed using the combination of the reconstructed muon momentum and the smeared true hadron energy, E had . This smearing assumes an energy resolution δE had measured from the MINOS CalDet test beam [7] ;
Since Ref. [7] does not provide the angular resolution, this was taken from the measurements at the Monolith test beam [24] ; Fitted Proportion 60% of track nodes used in final fit.
Track Quality log(P (σ q/p /(q/p)|CC)/P (σ q/p /(q/p)|N C)) > −0.5 Current work to explicitly identify and reconstruct the hadron showers will remove the necessity of this smearing process for the generation of a reconstructed energy. In the case of quasi-elastic (QES) events, the neutrino energy is calculated from the expression
where ϑ is the angle between the muon momentum vector and the beam direction, m N is the mass of the initial state nucleon and m N is the mass of the final state nucleon in the
V. ANALYSIS
Successfully reconstructed events are subjected to a series of cuts to isolate the wrong sign muons resulting from ν e → ν µ oscillations from backgrounds that are similar to neutral current events. All cuts used in the analysis are summarized in Table II and are similar to those from a previous analysis [13] . The first cut ensures that the event is successfully reconstructed by the Kalman filter. The second cut removes events for which the first scintillator hit appears less than 1.5 m from the end of the detector. Tracks reconstructed with momenta greater than 16 GeV are removed to reduce biases from non-physical reconstructed neutrino energies. A cut is also applied requiring that 60% of the candidate hits of the track are used in the final fit, to avoid tracks with hard scattering events or other sources of noise.
Two cuts deserve special attention as they provide most of the discriminating power between the Golden channel oscillation signal and background events. Both use a log-likelihood approach to select between charge current and neutral current interactions. The likelihood derived from the probability of the normalized uncertainty in q/p (the charge over the momentum from the fit to each track) for charge current events P (σ q/p /(q/p)|CC) with respect to the same for neutral current events A stronger charge current selection is defined by the number of hits in the track. Muon tracks travel much further within the detector, so they produce many more hits than electron or hadron showers, which are known to range out quickly. To make this cut without bias a likelihood ratio was defined as the probability of a track appearing with a given number of hits assuming a charge current event P (N hit |CC) to the same probability assuming a neutral
The best separation between signal and background occurs when events with L CC > 1. between signal events and ν e CC events can be achieved. For a 10 GeV neutrino factory a cut on the separation variable Q t = E ν sin θ > 0.15 GeV, where θ is the angle between the muon candidate and the hadronic-jet vector, was found to provide this. The effect of the cuts on the event samples is summarized in Fig. 7 and 8.
A multi-variate analysis for the identification of ν µ (ν µ ) CC events is also under consideration. Based on the experience of the MINOS experiment [25] it is believed that an analysis, such as a k-nearest neighbour approach, using multiple correlated variables can produce a better discrimination between signal and background events. A set of variables that includes the mean energy deposition along the muon track, the variation of the energy deposition, and the total number of track hits is under consideration for this purpose. This is work in progress.
VI. DETECTOR EFFICIENCIES AND RESPONSE
The efficiencies and background suppression for MIND in the muon neutrino appearance channel is shown in Fig. 9 and Fig. 10 . Four cases are considered in these figures depending on the binary state of the storage ring and the detector; a µ − (µ + ) is contained in the storage ring resulting in aν µ (ν µ ) signal, and the magnetic field of MIND focusses µ + (µ − ). A neutrino factory stores both µ − and µ + in the ring so that pulses of neutrinos associated with decays of each species can be identified based on their correlated time structure. However the magnetic field direction must be chosen a priori based on an understanding of the detector response and resulting sensitivity to the CP violation.
VII. SENSITIVITIES
The analysis of the simulation is used to generate "migration matrices" that relate the true neutrino energy to the reconstructed neutrino energy and contain all of the information regarding the reconstruction efficiency, energy response, and resolution. These migration matrices (M ij ) are used to convert a set of neutrino counts (ν(E j )) calculated using a long baseline simulation into expected counts in a detector as a function of energy (n(E i )) i.e.
n(E i ) = M ij ν(E j ). The Neutrino tool suite (NuTS), developed for the studies presented in [26] [27] [28] , is a framework that generates the event rates ν(E j ) from the appropriate fluxes and is used to extract the neutrino oscillation probabilities for all channels.
The pseudo-experimental data is extracted from a combination of the signal and back- ground species,
and compared with an oscillation hypothesis using a χ 2 statistic such as
In this equation n data q,i is the simulated "data" for the energy bin, i, assuming a muon signal with a sign q, while N q,i (θ 13 , δ CP ) is the predicted content of the corresponding energy bin for the test values of θ 13 and δ CP . This fit includes two systematic uncertainties that are assumed to be the leading terms; the error, σ x , on the ratio x of ν toν cross-sections and the error, σ A , on the total counts in the detector A due to fiducial errors or variation in the neutrino beam. The uncertainty in the cross-section ratio is assumed to be measurable to the 1% level at a neutrino factory, as the near detector sites will take concurrent measurements of both the neutrino and anti-neutrino species [29] . Similarly, measurements at the near detector combined with muon decay rate measurements from instrumentation in the muon decay ring should reduce the uncertainty σ A to below 1% [13] . Conservative upper limits for these errors of 3% and 2.5% respectively are also considered in this study, but the neutrino factory will allow much better control of these systematic uncertainties. The sensitivity of the neutrino factory to CP violation can be determined by searching for sets of oscillation parameters that satisfy the inequality
where n is the desired significance level for the calculation. The curves showing the sensitivity to CP violation and the corresponding fractional 5σ coverage are shown in Fig. 13 . A The black line assumes the 1% systematic uncertainties that are believed will be prevalent at the neutrino factory, while the red line assumes uncertainties inflated by a factor of between 2.5 and 3.
neutrino factory can measure 85% of the possible values of δ CP within the measured range of θ 13 with a 5σ significance. No change in these figures results from changing the polarity of the detector field.
A similar inequality to that shown in Eq. 9 can be defined for the sensitivity to the mass hierarchy. The 5σ mass hierarchy discovery potential is achieved for all values of θ 13 in which sin 2 2θ 13 > 10 −4 , therefore a neutrino factory will be sensitive to the mass hierarchy for the currently measured value of θ 13 .
VIII. CONCLUSIONS
A detailed simulation of a magnetized iron detector with a toroidal field has been produced for neutrino factory studies. This simulation shows that the neutrino factory is capable of discovering CP violation for 85% of the values of the CP violating phase. This result is independent of the mass hierarchy. Given the recent measurements of θ 13 by Daya Bay and others, the precision of the measurement is determined to be between 2.5 • and 5.5
• depending on the value of the CP violating phase and assuming leading systematic errors of 1%. Should the sum of the systematics increase to 3.5%, then the largest uncertainty on the measurement of δ CP is 7
• . These results assume a measurement based on 5×10 21 muons of both species collected over 10 years.
Further work is in progress to refine these results. Improvement in the reconstruction of multiple tracks for the purpose of identifying hadron showers is in progress and will be implemented soon. Likewise, a multi-variate analysis of the reconstructed simulation is under development. Other studies of the behaviour of MIND will become priorities after the completion of these developments including systematic studies and investigation of the impact of cosmic rays. These studies will come to a conclusion prior to the neutrino factory reference design report due at the end of 2013.
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IX. APPENDIX
This appendix summarizes the response matrices of the wrong sign muon signal from ν µ andν µ appearance and the associated backgrounds in bins of true and reconstructed neutrino energy relevant to an oscillation analysis. Each entry in the table is the survival probability for each species. In all tables, columns represent the true neutrino energy in GeV and rows the reconstructed energy, also in GeV. The overflow bin in reconstructed energy represents all events with a reconstructed energy greater than the known maximum.
Migration matrices assuming a negative charge focussing magnetic field and a positive charge focussing magnetic field are shown. The backgrounds generated by ν µ (ν µ ) NC interactions are consistent with zero at all energies for the 3×10 6 events simulated. Therefore these matrices are not shown. 
